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The following are the notable accomplishments of the HPSPR program over its 5-year history. 
These items are also summarized graphically in Figure 1. 



Conducted a life test of an advanced low flow gas generator. The life test ultimately 
achieved 887 hours and the gas generator demonstrated reduced feed tube plugging 
compared to all previous designs. 
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Starting in 1981 Rocket Research Company (RRC) was involved in a series of developments 
extending resistojet technology further with an emphasis on flight hardware. The design 
approach used a catalytic gas generator (based on a 0.1 Ibf thruster) to decompose the N2H4 
into N2, H2, and NH3. The decomposition gases were super heated within a refractory metal 
heat exchanger. The heat exchanger and heater filament were radiatively coupled with the 
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1 .3.3 Phase III — Immersed Heater Thruster Experiments 

Phase II results indicated great difficulty in limiting performance losses due to heat 
conduction away from the thruster. There was also a support hardware failure in the second of 
the two tests. Requirements of the potential user community were also changing. Because of 
these factors the program was restructured for a second time starting in Phase III. The new 
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Table 2-3 



• • # # 


surge limiter circuit on start-up desirable but not 
required 

Regulated or battery voltage let-down 
28 vdc nominal peak, adjustable as required 
1600 watt at Pf = 300 psia; 1400 watt at 100 psia 


Propellant pressure • Blowdown 300 to 100 psia 

• Regulated 150 psia minimum 

Thrust repeatability • ±5% 

Vibration • Spectrum 0.2 g^/Hz, 20 — 20,000 Hz 

• Overall 13.0 g rms . 
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(N 


ifetimes. 











Mission analysis results suggested 125 mlbf thrust as a nominal value. Preliminary thermal 

analyses were conducted to estimate heat exchanger cavity temperature profiles for various 
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RHENIUM ACT HEATER SIZING STUDY AND OPTIONS FOR FABRICATION 
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SPECIFIC IMPULSE EFFICIENCY AS FUNCTION OF 
THROAT REYNOLDS NUMBER FOR gH2 & 9N2- EXPERIMENTAL 

DATA AND TWO-DIMENSIONAL KINETICS (TDK) NOZZLE ANALYSIS 
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for W/25Re, but rupture, and margin on rupture are unacceptable. Tungsten was acceptable 
for creep, rupture and margin on rupture, but there were concerns regarding manufacturability. , 
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HEATER WIRE EXPOSURE TEST SCHEMATIC 
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TEMPERATURES TO 5000°F 
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Iron Powder. Finely divided iron powder was tried in one test. Gross leakage occurred 
and testing with this material was discontinued. Also, the seal material needed to be 
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Preliminary creep analysis indicated that this final sealing force* even if transmitted 
"hydrostatically" in the radial direction, would result in an acceptable creep deformation over 
a 250-hour life test of less than 3%. 
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STRAIN GAGE PLACEMENT ON CAVITY SEAL TEST FIXTURE 
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Prototype piece-parts were used to establish hot swage joint parameters prior to swaging the 
central rod to the heater support structure closure. 




The original conceptual design for the sealed cavity heater is presented in Figure 2-22. 
Several notable features of this design are discussed below: 
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The swage tests were conducted at ambient temperature (1 pin), 350°F (2 pins), 750°F 
(1 pin). The results of the swage tests were disappointing at all temperatures. In all cases, 
severe cracking or splitting of the tungsten pins occurred at impact forces high enough to 
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Figure 2-23 




cause any bending of the "ears". The problem is the particular alloy used (tungsten/2% 
thoria). An alternate alloy with a specialized grain structure would be required for the swage 
joints to work as designed. Moreover, a specific swaging procedure would have to be 




Figure 2-24 
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Table 2-7 

PREDICTED NOMINAL THRUSTER OPERATING CONDITIONS 

Typical Blowdown Cycle 
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In cases that matched performance predictions to previous data, the thermal analyses 
discussed above show that the sealed-cavity heater design is less efficient that a flight-type 
design would be, primarily due to the more massive components necessary to effect an 














Figure 2-29 










adequate seal to the existing heat exchanger. More heat would be conducted to the rear of 
the heater than in a flight thruster for which the cavity seal would most likely be welded or 
brazed. 



The outer body creep predicted for the 250-hour life test using the above algorithm is given in 
Table 2-8. Typical margins for flight-qualified resistojets are less than 5 % creep over the 
component life. The predicted 250-hour total creep for the heat exchanger outer body far 
exceeds this guideline. 


Table 2-8 

PREDICTED 250-HOUR CREEP 
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2.2.3 Sealed Cavity Test 

The most important technology demonstration planned for the restructured Phase II effort 
was a 250-hour life test of a sealed cavity resistojet. This test was planned to utilize the 
existing rhenium heat exchanger and the sealed cavity heater designed and fabricated during 
Phase II. 


Table 2-9 

FAST-TRACK TEST RESULTS 
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operating range were within acceptable limits. 
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HEATER SUBASSEMBLY 
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HEATER SUBASSEMBLY 




The heater was installed into the rhenium heat exchanger to complete the thruster 
assembly. The formation of the seal was completed without incident using the 
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THRUSTER ASSEMBLY 



11195-87 3250-5 Figure 2-37 




DETAIL OF OPENING ON THRUSTER FOR THERMOCOUPLES 
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Table 2-10 

SEALED CAVITY THRUSTER PERFORMANCE MAPPING 
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The filament temperatures inferred from measured filament resistances were also lower than 
expected. Filament temperatures and, by inference, heat exchanger temperatures, were not 
high enough for filament evaporation evaluation or heat exchanger creep evaluation planned 
for the life test. 
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2.2.3A Vented-Cavity Thruster Test Results 



Data sheets for all valid test runs have been included in Appendix B. Note that flow rates 
based on sightglass readings have been handwritten on the data sheets. These values were 
used to calculate the handwritten Isp values on the sheets. 
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THRUSTER ASSEMBLY FOLLOWING BOLT FAILURE 



11197-51 3253-15 Figure 2-39 


INTERIOR OF HX FOLLOWING BOLT FAILURE 



CO 

I 

Pi 

I 

os 


W) c 

c o 

Is 

c p 

o ^ 

o 

c« O 


TJ 

<L) 

CO 


ctf <D 

n CO 
<D 

o 

0 <D 
C ^ 

^ s 
S I 
g:g 

II- 

1 o 

s s 

•o 

4> T3 

« s 

o w 


ti o> ^ 

Is s 

a o 

♦-» '♦“* 

C 3 O 
(O c *- 

Jag 

■g -s g 

-‘go 

^ O tH 

0) .2 ^ 

o i-s 

Sac 

- g 

O T3 O 
Q, (D 
Cl. r^H tu) 
D ,cd C 

T3 
cd 
(L) 
u 
CX 

CO 


^ -W 

CO ^ 

'wT 
<D 

c3 
2 2 


D 


^ (U 

^ x: 

4-» 

2 Vh 

’S s ^ 




in 

cn 


2 
<D 

^ - 
B "i 

cd JD 

a 8 


3 

c 

T3 

C 

cd 


O 

X) 

(D 

Xi 

H 


Vm 
O < 

c ^ 

.2 ^ 
W)C3 
<D cd 
^ Cl. 

*- ^ 

.S 

o ° 

3 .S 

Cd O 
^ Cl 
<U 

Cl, W) 

S .5 
0> *-* 
^ o 
<u c 

•s ^ 

^ (U 
13 XJ 

3 -3 

3 

O O 
-rt a 

2 a 


<D 


T5 

§ 

<U 

X 


<L> 

*B 

cd 

X 

(D 

X 


(D 


«2 ^ E 


t; 

cd 

a 


X o 

CO X 


cd 
_ X 
X 

X ^ 

^ o 

«o 

4-* 

O 1— < 
cd . 

c - 
o B 
o a 

c 6 

X 

2 

a 

Cl 
cd 


cd 


[)Jt3 3 


CO 


CO 

CJ 

<D 


s< 


d) 


P -3 


C 

^.2 




T3 


cd 


•53 n\ fi 

c222n-i'“£is 

•3 3 o ”S 2 JH Jt) 

fr a 2 o '+^ X! 

<fec3 & 


>% t> <u 

I— » _r2 
•§ ^ 

a^ a 

S’H 3 

5 « (U 
? fe 3 



(U (L> CO CO 


cd 13 d) W) 

6 S S.S 
S 2 ^ 

< o 2 3 


<N 


CO 


in 


c 

o 


o 

o 


E 

0) 

H 


0) 

o 

c 

(0 

.2 

0 

QC 


u ^ 

2 52 

*+1 

2 


o cd 
cd ^ 


O 

Cl 


<b-B 


^ p 
3 

4> 

J 


*- 2 "o 

§o 

S <N 

O >, 


« 


< 
C/5 

C 

>% 
X) 

U 
Cci 
(3 

^ O 


Vm <u w 


B 

cd 

(D 

X 

<D 

X 


d> 

X 

H 


o 

1-4 

Cl 


0) X 

5 s 

5 ^ 

0) W4 

a 2 

“ d) 
6 

2 
>1 
a 


3^ 

s 

O 
O 


cd 


< 

o 

X 


Cd 


X 

o 

u 

Cl 

Cl 

cd 

T3 

C 

cd 

e>B 

c 

4-J 

CO 

d> 

4-> 

Wi 

d) 


X 


’X 

C 


E •- 

^ f/5 


CO 

3 

T) 
d) 
X 

CO 

•(•N 

C5 

- X 


cd 


<0 

d) ^ 

X 
3 

CO 


<D 

X 


CO 

cd 


d) 

o 


w VO 
CD <N 

« I 

© 4 

I 04 

CO 

(O 3 
CO ^ 

w o 

CM CL, 


13 

C 

Cd 

3 


CO 

cd 


d) 


cd 

CO 

<D 

X 


JMI 

Cd ,S 


X ^ 

cS ^ 

t s 

s « 

CO 


13 C 
d) d) 
X X 
CO cd 


w X d> 

53 »rt cd i-i 

iH r (D 

rj G CO > 

X cd (D > 


The correlation is shown in Figure 2-45 along with the original correlation and corresponding 
values from the Handbook of Chemistry and Physics. The agreement between the slope of 
this correlation and that of the literature values is acceptable, with th& shift to the left being 
attributable to uncertainty in the length of wire in the heater filament. 
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FILAMENT RESISTANCE VS. TEMPERATURE 


cn 

in 


I 

ON 



CO 


X 

0 

1 

UJ 

0 
z 

1 

CO 

LU 

CC 


lO 

<D 

3 

O) 


CO 

i 

CM 

CO 

CM 


O 


g 

• <-4 

Pu, c 
^ o 


o 2 


§1 


o 

T3 

c/3 


Cd 

u 

O 

(X 


r-H Cd 


5 > 

- <u 


<D 


1 p 

(N t 
O 
O 

■« 

H .S 
•S -c 

<L> a 

2 6 
S o 

£ o 

<D CO 

^ O 
C ^ 

2J c 
£ 2 
^ *5 

(D 

o 


<D t; 

£ 


a 

d> 

CJ 

c 

o 

a 


<L) 


<u *r; 
J3 ^ 

4 — » Cd 

^ o 

^ td 
O iJ 

»n cd 
00 <u 

CO 

4-> 

^ c. 

c ^ 

<u *-* 

w t;; 

. <u 

pq "" 


<D >> 

td S 'O 

3 2 S 

o <u 


3 ^ 


CO <3 

g ^ 

o O 

CO 


<u ^ i:: 


T) 

0> S (U 

CO ^ (U 

3 T5 ^ 

r,, fP 


T5 

<U 

no 

<U 

<D 

G 

CO 

<L> 


CO 


Cd cd ^ 

G - 
5 cd <u 

.2 o ^ 


cd 

u 

<D 

a 

£ 

a> 


s s 

o L-I 

H 3 


C ’S 


O cd <i) 

rj l-i CO 

2 =3 

CO a 

a £ s 


G 

o 


U W 

cd G 

O "O 

Lh 1*2 

D. «2 

9* « 

CQ It 


.5 x: o 

G 


Lh 

/-S <l> 

a w 
a ^ 

Cd >- 


£?.2 
£ ^ 



o 

Cd 

3 

<u o 

G 


CO 

cd 

<u 

Vh 


1— t 

(U 


cd 


^ D 

g 

CO 

o .-2 

<1-* *T2 

o> 


a 

£ 

(D 

G 

Cd 

G 

<D 


(U 


'«5 


i2 e 

3 -= 

<0 t3 

a> oj 

CC S 

■4-» *a 

CO a 

0) C3J 
•“ CC1 

o ^ ^ o 

'O 03 

5 oj 

0) o 

O E 
QC E 


ti <p 


N 

CO 

CM 

CM 


aC 


<D 


*5 




C /G 


(U <u 
N X) 


2 

i S 

> X) 
G CO 


cn *3 


cd c^^ 
G O 

*5b G 

*c o 

O w 


a a * 2 


CM 

VO 

CM 


do-3y niVU3cil/^3i 1N3WV1I3 




HIGH PERFORMANCE RESISTOJET 
SEALED-CAVITY TEST RESULTS 


t 

Pi 

I 

T -~0 

ON 












£ 

E 

d 9 

in 





in — 

d 

11 

•E 


> 





> 






► 





fs 
















> 


O 

O 

C\J 


o 

o 


o 

o 

o 


o 

o 

o> 


o 

o 

CO 


o 

o 

1^ 


o 

o 

<D 


o 

o 

in 


o 

o 


o 

o 

CO 


o 

o 


0 

0 

0 

0 

0 

0 c^ 

0 

0 

0 

0 

0 

0 

m 

in 

in 

m 

in 

in 

m 

in 

in 

m 

m 

in 


DC 

LU 

§ 

0 

a. 

DC 

Lli 

!< 

LU 

1 


(D 

I 

CM 

o 

l- 

3 

O) 

il 


CM 

CO 

I 

CM 

CO 

CM 


O 


CXOO cS 

- 

I 

h .is c/3 

« IS 

« T3 - 
g T3 c/3 
^-1 Jp 

o c 

C TJ 

o ^ c 

•a S ^ 

C« cd ^ 
3 >% 

^ P .-72 
o 


aa 


c 

cd 


Pi 
CL, 
O CO 

o 
u 


cd 

CL 

e 

O 

O 

<u 


o > 


o 

(0 

(0 

£ 

CL 

E 

o 


<0 

c 

o 

'55 

3 

O 

c 

o 

o 

“O 

c 

(0 

(0 

3 

(0 

0) 

oc 


CM 

CM 


'V 

<D 

(D 


U td 

a 

< 13 

cd 

2 ^ 

1 

S5 cd 
W) 

O d> 

i=! ^ 

« Ji 
.S B 

Cd 

C o3 

CL E 

2 ^ 
a - 

w 4^ 

< ;cj 


'd' 

K 

(N 

:zi 

c 

o 


§ s 

E g 
!r: ^ 

<D O 
X CL 


(U 

-i-t 

O 

3 

no 

C 

o 

o 


Pi 

cu 

00 

CL 

X 

<L> 

4= 


E 

TJ O 

fh 

(U 

Lm *to 

W) o 
cd ^ 


U 

(U 

h4 


o 


4-> *-H 

CL ^ 

(L> >% 

C 

O cd 

£ 


^ s 

(U cd 

> 

'3 O 

a no 
a O 

3 •*-! 
»-• L< 


C 

O 


(U 

a 

cd 

Lh 


4-^ 

O <2 

CU) 

c 


c/5 

0> 


3 

C 

*•<-» 

c 

o 

O 

Lh 

O 


E 

3 

l-( 

OD 

O 


3 S' 

.tS 1> ,ri 
O « (3 

h 33 c/3 
> « 2 
^ "O ^ 

C/5 C ^ 
pX <L) O 
c/5 O ^ 
^ c/5 E 

*-•3 0 

(L) C/3 
C/5 ^ O 

O (U 


d) 

4= 


(L) O 
nD o 

C ^ 

E a 


00 

c 


Cd S 

td ^ .S 
»o ^-' 

o 

2 ^ 
<u *u *S 
o <0 a 
3 TJ O 

CO Cd E 


<u 

4:3 


td ^ .2 


C ,0 T 3 


^ S ^ 

4) W c/5 

^ CL (D 

<i> 4:: 




c I -52 

Cd 

L-. 'O 
<U W) C3 
S3 o «, 

CO E 
c 0> g 
W)4i2 h, 


CO 


c/5 45 


35 cd 


O 


cd 


cd 


c/) .3 *D 


(jjTOOi 


2.2.4.1 Review of Test Goals 

The original goals of the sealed-cavity thruster tests, as defined by NASA and RRC during 
the restructuring of the Phase II program plan are listed below, in order of importance: 

1. Demonstration of 750 W sealed-cavity operation at enhanced performance levels 
(greater than 330 sec Isp) for an extended period of time, arbitrarily set at 250 hours. 
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Although minor modifications were made to the model as a result of these investigations, no 
significant changes in predicted temperatures or performance resulted. 



The only way the model could be made to predict performance near the sealed-cavity test 
results was by invoking assumptions which led to gas conduction/convection losses 
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2.3.4.1 Fuel and Pump/Chamber System 

The testing was performed in RRC's altitude chamber number 6, which is shown 
schematically in Figure 2-51. The altitude chamber is a single wall, 98-ft3 vacuum tank 
connected to two high-capacity mechanical vacuum pumps with 3,850 and 2,630 cfm capacity. 
Mechanical pumps maintained the cell pressure to less than 150 mtorr throughout testing. 
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IMMERSED HEATER THRUSTER 
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Complete a low power, high mass flow performance test of the rhenium heat 



HIGH PERFORMANCE STORABLE PROPELLANT RESISTOJET PROGRAM 
Specific Impulse as a Function of Specific Power 
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Figure 2-54 




HIGH PERFORMANCE STORABLE PROPELLANT RESISTOJET PROGRAM 
Thrust as a Function of Heater Temperature 
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CURRENT AS A FUNCTION OF TIME WITH HEATER 
DEGRADATION OCCURING (Ar) AND WITHOUT 
SIGNIFICANT HEATER DEGRADATION (250W H2) 
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In conclusion, an Isp of 315 cannot be attained with the immersed heater thruster unless the 
filament temperature is greater than 4100°F. However, at that temperature there are 
unacceptable rates of heater degradation. 
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The gas generator was installed in RRC Cell #6. The test configuration consisted of the gas 
generator (GG), valve/fluid resistor, and a resistance heater assembled to an MR-501 
mounting structure. The heater, mounted in place of the thruster, was sized to provide 
electrothermal thruster heat loads simulating electrothermal thruster firing thermal 
environment. 
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The quantity Pf-Pc/in^ shown plotted in Figure 2-63 is useful for observing changes in 
pressure losses in the test hardware. Of specific interest is the pressure drop through the GG 
injector, which is typically very small at the arcjet flow rates. If the pressure losses through 
both the fluid resistor and valve are assumed to remain constant, an increase or decrease in 
Pf-Pc/m^ can be associated with a change in GG pressure drop. For example, life-limiting 
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0 


0001 


•f 0031 


"D 

I- 001^ I X 

o 

\ 

009L p 
O 

> 

— H 

m 
> 
hO 


•f 0081 


-0003 


•f0033 j 

X 
70 

00t^3 N3 

\ 


-0093 


CD 

2 : 

> 

N 3 


f 0083 


w 

<o 

I 

CM 

<D 

k. 

3 

O) 


ON 

00 

I 

(N 


000 £ 






clogging of injector flow manifests itself through a substantial increase in this parameter. 
Figure 2-63 indicates that consistent flow conditions through the GG were maintained with 
no detectable changes in injector pressure drop. No other measured data indicated 
degradation in GG performance. 
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Table 2-12 

MATERIALS AND APPLICABILITY IN ELECTROTHERMAL THRUSTERS 
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Table 2-13 

TESTING @ 2100°F WITH 1% MOISTURE IN AMMONIA 
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Table 2-14 

CYCLING BETWEEN 2100° AND 200°F UNDER A NITROGEN ATMOSPHERE 
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Earlier IR&D testing of Ir CVD W and Re CVD W showed that the Re CVD W was not 
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Figure 2-64 
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The total accumulated time was 56 hours. After about 38 hours, a buildup of tungsten residue 
on the inner surface of the quartz tube made accurate pyrometer measurements difficult. 
Following test shutdown, visual observations showed a colorful dendritic buildup of material 
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Based on the observed post-test wire conditions, it can be stated that the W/3Re wire did not 
reveal any improved resistance to oxygen attack under the laboratory conditions used in this 
exposure test. The W/3Re wire was found to have lost more surface material as revealed by 
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figure 2, but at higher magnification. Photograph reveals 
details of tunsten crystal deposit topography. Crystals 
are formed by either vapor deposit or chemical vapor 
deposit mechanism produced by the labortory test 





Figure 5, SEM photomicrograph of W/3Re wire at a location 
in the high temperature region of the coil. Photograph indicates 
evidence of thermal etching and extensive surface void form- 
ation. 
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the post-exposure wire diameter examination. The W218 wire filament material was found to 
be more resistant to the laboratory test exposure environment, and produced the smallest 
wire diameter changes. One observation seen only on the W218 wire was the development of 
vapor deposited/chemical vapor deposited tungsten crystals on the cooler ends of the 
filaments near the fixture/filament interface. 
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potentially benefit any user of high temperature materials. The mechanisms of chemical attac 
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3.3 PERFORMANCE LIMITS OF RESISTOJETS 

Figure 3-1 presents a graphical summary of performance for resistojets and arcjets. Both 
plots indicate that the specific energy of arcjets is considerably higher than for resistojets. 
This means that the power required to run an arcjet for equivalent mass flow rates is higher 
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than for resistojets. One result, illustrated in the upper plot, is higher Igp since more total 
electrical power gets into the exhaust. Efficiencies of arcjets, shown in the lower plot, are on 
average lower than resistojets. 
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Further increases in performance with minor modification to existing resistojet designs 
appear feasible from the results of the HPSPR program. For instance, the vented cavity 
thruster tested in Phase 2 achieved performance 10% higher than existing qualified designs. 
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